Introduction
The world's forests are an important terrestrial carbon (C) sink, sequestering as much as 30% (~2 Pg C y −1 ) of annual global anthropogenic CO2 emissions between 1990 and 2007 [1, 2] . In addition to their importance in the global C cycle, forests provide many other valuable ecosystem and societal services. Forest-management practices can enhance or reduce the ability of a given forest stand to act as a C sink and provide these services [3, 4] . Since approximately two-thirds of forests are managed [1] , understanding how forest-management practices affect the global C cycle and the capacity to sustainably produce natural resources is a high priority.
While much research has been conducted regarding the aboveground effects of forest management, comparably little is known about the effects belowground [5] . Soils comprise the majority of the terrestrial C stock [6] and account for ~85%, 60%, and 50% of the total C stock in boreal forest, temperate forest, and tropical rainforest ecosystems, respectively [3, 7] . Therefore, determining the fate of forest soil organic C (SOC) in response to management is an essential part of understanding climate-carbon feedbacks and changes in forest ecosystem C budgets. Gains or losses in SOC affect numerous soil properties essential to maintaining beneficial ecosystem services and productive forest stands, including the water-and nutrient-holding capacity of the soil [8] .
In Pacific Northwest forest ecosystems, nitrogen (N) is often the primary limiting nutrient [9] [10] [11] . The fate of soil N in response to forest management is thus a key concern in this region. In general, N fertilization stimulates biomass production, but the effects on SOC and other soil-nutrient dynamics are variable and highly site dependent due to complex interactions between soil properties, microorganisms and vegetation [12] . Increases in soil N have the potential to enhance aboveground biomass growth and forest productivity, as well as to increase SOC and the retention of other nutrients in the soil through a combination of increased belowground biomass and delayed root decomposition [13] .
In a recent meta-analysis, James and Harrison [14] found that harvesting reduced soil C by an average of ~11% globally. Significant losses in both the litter layer (O horizon) and the mineral soil were observed, with particularly large losses in very deep soil (60-100 + cm in depth) compared to more superficial soil. Interestingly, thinning treatments resulted in greater losses of mineral soil C than clear-cut harvesting by a difference of ~9% [14] . Although this may seem counterintuitive, thinning treatments can lead to less SOC accumulation over time due to reduced root C inputs (from reduced root biomass) [15] , and they can also affect numerous soil properties that enhance microbial metabolic activity or encourage increased leaching and export of SOC and other soil nutrients. Mechanisms that can lead to SOC and N losses due to thinning include: (1) increased soil temperature; (2) microbial stimulation or priming; (3) nitrate leaching; and (4) groundwater-level rise.
Increased Soil Temperature
Decreased radiation interception by trees due to thinning treatments can result in soil temperature increases [16] . Several studies examining the upper 10 cm of soil have shown postthinning increases in soil temperature ranging from 1-6 °C when compared to reference stands [16] [17] [18] . Soil temperature also tends to increase with thinning intensity [16, 17] . Along with increases in soil temperature, Cheng et al. [17] measured an increase in soil respiration ranging from ~8% to 20% and increasing with thinning intensity. Hicks Pries et al. [19] found that mineral soil respiration in a temperate forest ecosystem increased by 34-37% to a depth of 100 cm when subjected to 4 °C warming, with soil below 15 cm contributing to ~50% of the total respiration. Forest harvest has been observed to increase mean soil temperature and mean daily soil temperature flux by ~3 °C and 5 °C, respectively, at 10 cm in depth and by ~2 °C and 3 °C, respectively, at 100 cm in depth [20] . Any increase in SOC decomposition rates also increases microbial demand for N, as microorganisms require about a 24:1 C:N ratio during organic matter decomposition [21] . Competition for available N in the soil environment is increased in particular during the decomposition of organic matter with a higher C:N ratio, such as coarse woody debris left as slash on the forest floor post-thinning, and can lead to N scavenging as plants and microorganisms compete for this essential nutrient [21, 22] .
Microbial Priming
Microbial priming is a mechanism by which potential energetic barriers to SOC decomposition are alleviated by the introduction of fresh C compounds [23] . Similarly, higher rates of nitrification and additional nitrate can result in increased SOC decomposition and dissolved organic carbon (DOC) production by alleviating microbial nutrient limitations [24, 25] . The priming phenomenon is particularly relevant in deeper soil layers where SOC is often thousands to tens of thousands of years old [23, 26] . When the environmental conditions under which deep SOC accumulated change, such as through the addition of fresh C compounds, this SOC is vulnerable to decomposition [19, 23, [26] [27] [28] . Removing trees results in decreased transpiration and rain interception, and in turn can lead to increased DOC flux and transport to deeper soil layers, which is driven largely by rain events and new inputs of organic matter [29, 30] . Organic matter left on-site post-thinning (e.g., roots and slash) substantially increases soil C inputs and the potential for priming effects. While forest floor fresh C inputs are often mineralized in the litter layer [26, 30] , C inputs due to the mineralization of root biomass can persist for many years following the harvest of trees [31] . Post-thinning increases in channels of decaying roots, particularly coarse roots, could also create preferential flow paths for DOC transport. Along these pathways, DOC has fewer opportunities for abiotic and biotic interactions, potentially introducing large amounts of fresh DOC to deeper soil layers [32] . As preferential pathways have been shown to have greater SOC concentrations and microbial biomass than the surrounding bulk soil [33] , mineralization rates in these pathways are likely enhanced [34] , which may lead to increased SOC and N losses from the adjacent bulk soil.
Nitrate Leaching
Several studies have observed increased leaching or export of nitrate (and other forms of N) following forest harvest under logging residues [35] [36] [37] [38] [39] . Rosen and Lundmark-Thelin [39] attributed this phenomenon to a combination of reduced N uptake by roots and increased mineralization of the litter layer. Fertilized forest stands may be particularly vulnerable to nitrate leaching under slash left on the forest floor post-thinning due to increased N availability. High rates of nitrification, nitrate leaching, and increased soil acidity due to fertilization can negatively affect soil quality through the priming of SOC and through the co-leaching of other nutrients such as calcium and magnesium [40] .
Groundwater-Level Rise
The removal of trees via thinning treatments or harvest reduces transpiration, which can result in groundwater-level rise and potential increases in the export of DOC and various forms of N [37, 41] . Laudon et al. [41] observed a >70% increase in DOC export from harvested compared to unharvested sites one year post-harvest. They attributed this increase in DOC export primarily to a raised groundwater level contacting more superficial soil layers that have higher DOC (and N) concentrations. Depending on the original height of the water table prior to the removal of trees, substantial portions of deeper SOC and N could be especially vulnerable to export and loss via this mechanism.
Summary and Objectives
Jandl et al. [12] concluded that, in general, forest thinning increases the stability of a stand at the expense of SOC stocks. However, other studies have found no difference in SOC stocks post-thinning [5] . In a long-term reforestation study in the subtropical south-eastern USA. Mobley et al. [42] found that thinning treatments reduced SOC and N stocks in particular in deeper soil layers where losses exceeded new inputs. Although deeper soil is often ignored in short-and even long-term studies, the observation of deep SOC losses on decadal timescales due to management or land-use change is not uncommon [42] [43] [44] . Considering that most SOC is contained in deeper soil layers (below ~20 cm) [6, 45, 46] , and most trees root deeper than 100 cm [47] , studying deep-soil nutrient dynamics is essential to understanding forest-management effects on SOC stocks. Unfortunately, soils are often sampled to 20 cm or less and are rarely sampled below 100 cm [4, 6, 14, 27, 42, 45, 48] .
The objective of this study was to determine the responses of SOC and N to thinning and fertilization plus thinning treatments of varying intensity, and to understand how any observed response differed vertically in the soil profile to a depth of more than 100 cm. Both the fixed-depth and mass-based approaches were used to quantify and compare SOC and N stocks. We found that thinning treatments substantially reduced both SOC and N stocks, particularly in deeper soil layers, highlighting that forest-management practices can affect both surface and deep SOC and N stocks on decadal timescales, and that accurately quantifying and comparing SOC and N stocks requires sampling deep soil.
Materials and Methods
Soil was sampled at an intensively managed Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) plantation in north-western Oregon, USA (Figure 1, inset) . The plantation was planted on commercial forest land in 1977 with 2-year-old Douglas-fir seedlings and was ≥90% Douglas-fir throughout the ~40-year rotation. The previous plantation, also Douglas-fir, underwent uniform treatment and harvest. Square plots were established in 1989, the boundaries of which were designed to maximize uniformity within and between plots. Management regimes-thinning (Ttrt), fertilization plus thinning (FTtrt), and no (control) treatment (Ctrt)-were randomly assigned to nine 0.2-ha plots spanning a total area of ~5 ha (Figure 1 ). Three plots received thinning treatments; three plots received fertilization plus thinning treatments of varying intensity; and three plots received no (control) treatment. Additionally, the initial trees per hectare were systematically reduced to one-half or onefourth on randomly assigned plots ( Table 1 ). The removed trees were left on the forest floor. Fertilized plots received 224 kg N ha −1 as urea every 4 years starting in 1989 for a total of 1120 kg N ha −1 over 16 years. Thinning treatments were based on Curtis' [49] relative stand density. The stems of thinned trees were either removed or left on the forest floor, depending on the size of the trees at the time of treatment. Slash from trees was consistently left on the forest floor, even when stems were removed. Landform across all plots was nearly level to gently sloping, with an average slope of 10% and a maximum slope of <30%. The climate is characterized by cool, wet winters and warm, dry summers. Mean annual precipitation from 1981 to 2010 was ~220 cm, and mean annual temperature was 9 °C, with an annual maximum and minimum temperature of 14 °C and 4 °C, respectively [50] . Elevation ranged from 620 m to 660 m above sea level. Soil was moderately well drained with a low mean rock fragment content by sample weight (<2% fine to medium gravel). The soil sampled was an older, clayey soil (a Palehumult, closely resembling the Cumley series), making it reasonably uniform and an ideal soil for sampling to compare forest-management treatments. Three soil pits per plot were excavated with a shovel to 100 cm or 150 cm. Major genetic horizons, soil colors, textures and structures were identified, and roots and stone content were recorded ( Table  2 ). Soil bulk density and chemical analysis samples were collected in the late summer and early fall of 2015, immediately preceding harvest. Soil was collected from all nine plots over (three) two-week time periods to minimize any differences in weather conditions between plots during the sampling timeframe. Samples were collected randomly from within the middle of soil depth layers 0-10, 10-20, 20-50, 50-100, and 100-150 cm. One forest floor sample was collected from a randomly placed 20 × 30 cm quadrat nearby each soil pit. All soil samples were analyzed separately, and repeated measurements within a plot and soil depth layer were subsequently averaged to account for withinplot variation. Soil bulk density and chemical analysis samples were collected using a 5.4-cm diameter hammer-core, as well as using clod and excavation (irregular hole, water replacement) methods. Repeated measurements within the same plot and soil depth layer across methods were analyzed separately to adjust for differences between the methods using regression (wherein the excavation method was used as the standard). A detailed description of soil-sampling techniques, laboratory methods, and regression equations is found in Gross and Harrison [51] . All soil samples collected in the field were sealed in plastic bags, returned to the laboratory within 48 h, and stored at 3 °C until analysis. Soil subsamples used in elemental analysis were taken from bulk density samples to avoid potential biases, as SOC concentrations and bulk density are not independent variables [52] . Airdried samples were sieved to <4.75 mm (rather than to <2 mm) to avoid discarding a meaningful portion of SOC [53, 54] . The >4.75 mm fraction was weighed and the volume determined by displacement of water in a graduated cylinder. Litter layer samples were weighed, air-dried to a constant weight, reweighed, and ground to less than ~0.5 mm. Representative subsamples of litter layer and <4.75 mm mineral soil fractions were ground with a mortar and pestle and analyzed for total C and N concentrations (g kg −1 ) using an automated elemental analyzer (Perkin-Elmer 2400, PerkinElmer, Waltham, MA, USA). Approximately 20% of the samples were run twice to verify the precision of the analysis, and quality control samples of known C concentration were run every 10 samples. The average of samples run twice was used for analysis. Due to a lack of carbonates measured in the region [55] and strongly acid soils (pH < 6), total C concentrations are equated to organic C [56] .
Soil pH was measured in a 1:1 (deionized H2O, mL; soil, g) mix for mineral soil and a 4:1 mix for the litter layer with a digital pH meter (Model PC-700, Oakton Inst., Vernon Hills, IL, USA). Soil mixtures were stirred and left to stand undisturbed for at least 30 min to allow homogenization before pH was measured. The volume of field-moist clods [57] was determined by the paraffin wax method and displacement of water. Oven-dry weights for the clod method were determined by drying the clods in the oven at 105 °C for at least 48 h. Subsamples of each core and excavation sample were dried for at least 48 h at 105 °C, and oven-dry weights were determined by applying conversions to the air-dried weights. Bulk density was calculated according to: 
Soil organic C and N stocks were determined using the fixed-depth equations: 
and, 
where mg SOC g soil −1 is SOC concentration, mg N g soil −1 is N concentration, g soil cm soil −3 is bulk density, and cm is soil layer thickness. The mass-based approach according to the procedure of Wendt and Hauser [58] was also used to estimate SOC and N stocks. For this approach, soil-sample mass for each depth layer (MSAMPLE(DL), g) and method was calculated according to:
where 5.4 cm is the inside diameter of the core. Soil-sample masses, SOC and N concentrations, the inside diameter of the core, and the number of cores per sample were subsequently input into the web-accessible spreadsheet [59] created by Wendt and Hauser [58] , which fits a cubic spline function to model the relationship between cumulative areal soil mass and cumulative SOC mass. Reference mass layers were set using the lowest mean soil mass across treatments for each soil depth layer as recommended by Lee et al. [60] for systems in which the initial conditions (e.g., SOC or bulk density) are not available. In this study, both the fixed-depth and mass-based approaches used to calculate SOC and N stocks replace the volume of the >4.75 mm fraction with fine soil (<4.75 mm). Multiple studies have found that this method has the potential to overestimate [61] or underestimate [27, 54, [62] [63] [64] SOC and N stocks. However, these errors appear to be limited to rocky soils [54, 61, 62, 64] . Because the soil sampled in the current study was generally non-rocky (<2% fine to medium gravel content by weight), this method is unlikely to cause substantial biases in SOC and N stock estimates.
Sampling in the middle of a soil depth layer likely underestimates SOC and N concentrations and overestimates the bulk density of soil above the sample, while resulting in errors in the opposite direction concerning soil below the sample (i.e., overestimating SOC and N concentrations and underestimating bulk density). An assumption of this sampling method is that the errors tend to have a canceling effect, giving an accurate estimate of SOC and N stocks in the given layer. This assumption applies to all calculations of mineral SOC and N stocks in this study. As the entire depth of the litter layer was sampled, this assumption does not apply to the litter layer. Additionally, litter layer SOC and N stocks were only determined using Equations (2) and (3).
Total aboveground and root C sequestration were determined using the biomass ratio equation and parameters provided by Table 6 in Jenkins et al. [65] . For a given plot, the quadratic mean diameter (QMD) was substituted for diameter at breast height (DBH). Total aboveground biomass (TAB) for each plot was calculated according to: 
where 450 kg m −3 is the density of Douglas-fir [66] , and the denominator is the biomass ratio equation for softwood-stem wood. The sum of the removed and final aboveground biomass was used for TAB for thinned plots to represent total aboveground and root C sequestration. A ratio of 0.512, which is the average C concentration (g C g −1 ) for Douglas-fir trees in the Pacific Coast and Rocky Mountain regions [67] , was used to convert total mass to C mass. Belowground C stocks were determined by summing the SOC stock (calculated using the mass-based approach) for a given plot with total root C for the same plot. Total C stocks were determined by summing the above-and belowground C stocks for a given plot. Merchantable volume for thinned plots was calculated by including removed volume only if the given volume was commercially thinned. Analysis of variance (ANOVA) was used to determine whether treatment affected various soil properties and SOC and N stocks. When significant differences were detected at p < 0.1, Tukey's honest significant difference (HSD) post-hoc tests were conducted to compare the means. A significance level of 0.1 was chosen (rather than 0.05, for example) to reduce the chance of false negatives [68] , as forest-management effects on soil properties or nutrient stocks can have lasting impacts on soil health and future productivity. Relationships between numerical variables such as SOC and N concentrations were determined using linear regression. Data met the assumptions of the analyses performed and no data transformations were necessary. Data were analyzed using R studio [69].
Results

Soil Bulk Density and Organic Carbon Concentrations
In the mineral soil layers, bulk density was consistently highest for Ttrt at all depths and lowest for Ctrt to a depth of 100 cm (Figure 2 ). In the upper 50 cm, this pattern was inversely related to SOC concentrations, with Ctrt having the highest SOC concentrations and Ttrt having the lowest (Figure 2) . Soil organic C concentration was a significant (p < 0.1) predictor of bulk density in the mineral soil, the two variables following a quadratic relationship (Figure 3 ). However, a large amount of variation occurred where SOC concentrations were below ~15 g SOC/kg soil, which corresponded to depths below 50 cm. When the relationship between SOC concentration and bulk density was analyzed by depths 0-50 cm and 50-150 cm, the former explained slightly more of the variation in bulk density values than the whole mineral soil (i.e., 0-150 cm in depth), while the latter was not significant ( Figure  3) . Soil organic C concentration and bulk density were not significantly related in the litter layer ( Figure 3 ). Bulk density for Ttrt was significantly (Tukey's HSD, α = 0.1) higher than Ctrt in the upper 20 cm of mineral soil and significantly higher than FTtrt in the 10-20 cm depth layer. Ctrt had a significantly higher SOC concentration compared to both Ttrt and FTtrt in the upper 20 cm of mineral soil, as well as in the 100-150 cm depth layer compared to FTtrt. No significant differences between treatment means were observed for bulk density or SOC concentration in the litter layer. 
Soil Nitrogen Concentrations, Carbon to Nitrogen Ratios, and pH
Trends in soil N concentrations between treatments in the mineral soil followed a similar pattern as for SOC concentrations, although a few additional means were found to be significantly different ( Figure 4 ). Ctrt had a significantly higher soil N concentration compared to Ttrt at all depths except the 50-100 cm depth layer. FTtrt also had a significantly higher soil N concentration compared to Ttrt in the 0-10 cm depth layer. Compared to FTtrt, Ctrt had a significantly higher soil N concentration in the upper 20 cm of mineral soil and in the 100-150 cm depth layer. Notably, in the litter layer, Ttrt had a significantly lower soil N concentration compared to the other two treatments. No significant differences in the C:N ratio (SOC concentration/N concentration) in the mineral soil were observed (Figure 4 ). In the litter layer, Ttrt had a significantly higher C:N ratio compared to Ctrt and FTtrt (39, 32, and 33, respectively). Surface soil layers (0-20 cm in depth) had a mean C:N ratio of ~24 across all treatments, while deeper soil layers had normalized mean C:N ratios of 18, 19, and 17 for Ttrt, FTtrt, and Ctrt, respectively. Soil organic C concentration was a significant predictor of N concentration in the mineral soil, the two variables being positively related, and explained much of the variation in N concentration (r 2 = 0.9886) ( Figure 5 ). These two variables were not significantly related in the litter layer ( Figure 5 ). Soil was strongly acid across all treatments. Normalized by depth, mean soil pH values for the mineral soil for Ttrt, FTtrt, and Ctrt were 5.05, 4.98, and 5.01, respectively. In the litter layer and upper 100 cm of mineral soil, FTtrt had consistently lower pH values than the other two treatments ( Figure  6 ). However, this difference was significant only in the 0-10 cm depth layer between FTtrt and Ttrt. 
Soil Organic Carbon and Nitrogen Stocks
Calculated using the fixed-depth approach, SOC and N stocks in the mineral soil were consistently highest for Ctrt at all depths ( Figure 7 ). Compared to Ttrt, these differences were significant above 50 cm for SOC stocks and at all depths except the 50-100 cm soil depth layer for soil N stocks. These differences were significant in the 10-20 and 100-150 cm soil depth layers for both SOC and N stocks compared to FTtrt. Across all treatments, the majority of SOC and N stocks were below 20 cm (≥55% and >60%, respectively) to a depth of 150 cm. FTtrt had a significantly greater litter layer mean SOC stock compared to Ctrt and a significantly greater litter layer mean N stock compared to both Ctrt and Ttrt. Mean litter layer thickness was similar for FTtrt and Ttrt (4.0 ± 0.3 and 3.8 ± 0.1 cm, respectively) and was considerably (though not significantly) thicker for these two treatments than for Ctrt (3.1 ± 0.6 cm). Cumulative SOC stocks were significantly less at all depths below the litter layer for Ttrt compared to Ctrt, with a difference of 28% to a depth of 150 cm (Figure 7 ). The portion of this difference that occurred below 20 cm was 72%. FTtrt SOC stock to 150 cm in depth approximated the average of the other two treatments and was not significantly different from either. Cumulative N stocks followed similar trends ( Figure 7 ). Ttrt had 29% less soil N than Ctrt to a depth of 150 cm, with 76% of this difference occurring below 20 cm. Figure 7 . Mean soil organic carbon (SOC) and nitrogen (N) stocks by treatment calculated using the fixed-depth approach (Equations (2) and (3) The mass-based estimation of SOC and N stocks yielded similar results to the fixed-depth approach (Figure 8 ). Total differences in SOC and N stocks between Ctrt and Ttrt were 25% and 27%, respectively, slightly less than for the fixed-depth approach. The portion of these differences that occurred in deeper soil below ~20 cm was 56% and 64%, respectively. 
Carbon Stocks and Sequestration
Total and belowground C stocks followed the same pattern as SOC stocks, with Ctrt and Ttrt having the highest and lowest C stocks, respectively ( Figure 9 ). Trends in aboveground and root C sequestration were the opposite, with Ctrt and Ttrt having the lowest and highest C stocks, respectively. However, none of these differences were significant. Approximately half or more of total C stocks were contained in the soil across treatments (47%, 54%, and 58% for Ttrt, FTtrt, and Ctrt, respectively). Initial trees per hectare was a significant predictor of aboveground (p = 0.0031; r 2 = 0.7363), root (p = 0.0026; r 2 = 0.7477), and total C stocks (p = 0.0479; r 2 = 0.4503) and was positively related to these three variables. There was no relationship between initial trees per hectare and SOC stock (p = 0.5513; r 2 = 0.053). Soil organic C stock was a significant predictor of total C stock, the two variables being positively related, and explained more of the variation in total C stock than initial trees per hectare (p = 0.0041; r 2 = 0.7143). Mean carbon (C) stocks by treatment. Total C stocks are the sum of above-and belowground C stocks, where aboveground and root C stocks include the biomass of thinned trees, and belowground C stocks are the sum of root C and soil organic C (calculated using the mass-based approach). Sample size for all treatment groups and categories is three. Error bars represent ± one standard error. Means within each category accompanied by the same letter (i.e., "a" or "b") are not significantly different (Tukey's HSD, α = 0.1). Fert, fertilized.
Merchantable Volume
Merchantable volume, calculated in thousands of board-feet per acre (as 9.8-m long logs to a 15-cm top diameter), was significantly greater for FTtrt than Ttrt, a difference of ~11% (41.1 ± 0.4, 45.6 ± 1.3, and 43.0 ± 1.2 for Ttrt, FTtrt, and Ctrt, respectively). No other variable (e.g., SOC or N stock, initial trees per hectare, and DBH) was significantly related to merchantable volume. Final mean DBH (cm) was greatest for FTtrt and lowest for Ttrt, but these differences were not significant (13.0 ± 0.9, 16.2 ± 1.4, and 14.0 ± 1.6 for Ttrt, FTtrt, and Ctrt, respectively). Initial trees per hectare was a significant predictor of DBH, the two variables being negatively related (p = 0.0024; r 2 = 0.7529).
Discussion
It is important to first determine which approach, fixed-depth or mass-based, provided a more accurate quantification and comparison of SOC and N stocks. While the fixed-depth and mass-based approaches resulted in similar conclusions overall, the mass-based approach appears to have better represented the degree of change along the vertical soil profile by comparing equal soil masses and eliminating bulk density as a factor. Because bulk density was significantly higher for Ttrt than Ctrt above 20 cm, the mass-based approach resulted in greater SOC and N stock differences between these two treatments in the surface soil layers compared to the fixed-depth approach. Significant differences in bulk density observed between treatments were most likely the result of changes in SOC concentrations. This conclusion is supported by the lack of heavy equipment used during thinning treatments (i.e., a lack of soil-compacting operations), as well as the fact that significant differences in bulk density between treatments coincided with significant differences in SOC concentrations and occurred in soil layers where SOC concentration was a significant predictor of bulk density. In order to account and correct for changes in bulk density with time (that have not resulted from soil erosion or deposition), the mass-based approach is increasingly recommended for SOC and other soil-nutrient inventories [58, 60, [70] [71] [72] [73] . Soil organic C and N stocks quantified using the mass-based approach and compared among equal soil masses will be considered the more accurate account in the current study, as this process removed changes in bulk density as a confounding variable. Further discussion will refer to the mass-based approach and mass-based calculations of SOC and N stocks.
Litter layer SOC and N stock differences between FTtrt and Ctrt primarily resulted from the greater thickness of FTtrt litter layer compared to Ctrt, rather than from differences in SOC and N concentrations. This greater litter layer thickness may have been due to increased N availability postfertilization treatments and thus increased understory biomass and turnover [12] . The significantly lower litter layer soil N concentration of Ttrt compared to the other two treatments likely resulted from forest floor organic matter additions with high C:N ratios (such as coarse woody debris left as slash on the forest floor) and subsequent microbial N scavenging in this layer [21, 22] . High microbial demand for N during organic-matter decomposition for FTtrt post-thinning was likely compensated for by the addition of N via fertilization treatments.
In the mineral soil, SOC and N stock differences between the treatments were due to differences in SOC and N concentrations. Cumulatively, Ttrt and FTtrt contained 77.6 and 30.5 Mg ha −1 less SOC, respectively, than Ctrt to a depth of ~150 cm. The difference between Ttrt and Ctrt SOC stocks was significant and occurred over a shorter post-treatment timeframe (~11 years) than the difference observed between FTtrt and Ctrt. Assuming equivalent SOC stocks pre-treatment, the rate of posttreatment SOC loss for Ttrt was ~700 g C m −2 y −1 compared to Ctrt. The typical range of SOC accumulation rates in temperate forest soils is ~2 to 70 g C m −2 y −1 [74] , with an average rate of 34 g C m −2 y −1 . Raich and Schlesinger [75] reported a mean soil respiration rate for temperate coniferous forests of 681 g C m −2 y −1 . However, rates ranging between ~950 and 1750 g C m −2 y −1 have been measured [19, 20, 76] . Using average C flux rates, we estimate a potential Ttrt post-treatment respiration rate of ~1350 g C m −2 y −1 , which falls within the published range of soil respiration rates for temperate coniferous forests. Of course, other mechanisms of SOC (and N) loss, such as increased leaching and export, could also help explain observed differences in SOC and N stocks between treatments.
Decreased radiation interception by trees post-thinning could have increased soil temperatures, enhancing microbial metabolic activity and potentially accounting for some of the loss of SOC and N from Ttrt compared to Ctrt [16] [17] [18] [19] [20] . Additionally, greater bulk density in the surface soil layers of Ttrt compared to Ctrt could have increased heat-transfer rates to deeper soil layers [20, 21] where the majority of the SOC stock was contained and also lost. Fresh C inputs and the creation of preferential flow paths due to the mineralization of root biomass, which can persist for many years following the harvest of trees [31] , and increases in DOC flux due to additional organic matter inputs and decreased transpiration and rain interception [29, 30] could have increased SOC decomposition via priming post-thinning [23] [24] [25] [32] [33] [34] . The soil sampled in the current study may be particularly vulnerable to rapid SOC decomposition when subjected to changing environmental conditions and potential priming effects, as it is an older soil that likely developed and accrued SOC over hundreds of thousands to millions of years under relatively stable conditions [19, [23] [24] [25] [26] [27] [28] 77] .
In the surface soil layers (0-20 cm in depth), which contain the majority of root [78] and microbial [79] biomass, the mean C:N ratio across treatments was ~24, suggesting tight N cycling and the potential for N scavenging, particularly after the addition of high C:N slash to the forest floor postthinning [21, 22] . However, nitrate leaching, which has been observed to increase under slash left on the forest floor [35] [36] [37] [38] [39] , is also a possible mechanism of N loss and SOC loss via priming [24, 25] . FTtrt may have been particularly vulnerable to nitrate leaching post-thinning treatments due to reduced N uptake by roots coinciding with N fertilization. The lower pH in the upper 100 cm of mineral soil and litter layer of FTtrt compared to the other two treatments indicates that a considerable portion of nitrate resulting from the nitrification of urea potentially was not taken up by plants, causing the net addition of one proton (H + ) to the soil solution per urea compound [80] . Nitrate leaching would have been generally promoted by the high precipitation in the region studied. Notably, several of the excavated pits had redoximorphic features as high as 75 cm in depth, indicating a relatively high or perched water table. A previous study conducted at the same site identified soil features (massive, clay cemented) below 3 m that could result in a perched water table [81] . As Douglas-fir roots commonly extend to at least 3 m in depth [47] , thinning treatments may have sufficiently reduced transpiration to allow a local rise in groundwater level, particularly during the wet season. This rise would have enabled the groundwater to contact more superficial soil layers that have higher DOC and N concentrations, potentially increasing the export of DOC and various forms of N [37, 41] .
Although SOC stocks were significantly greater for Ctrt than Ttrt, differences in belowground and total C stocks between these two treatments were diluted due to Ttrt having greater aboveground and root C stocks, which increased with initial trees per hectare. On average, Ttrt had substantially higher initial trees per hectare than Ctrt (952 and 682 trees ha −1 , respectively). Interestingly, there was no relationship between SOC stock and initial trees per hectare. This is somewhat counterintuitive when thinning treatments, which did affect SOC stocks, were carried out similarly within about a decade of the reductions in initial trees per hectare. However, several key differences may explain this phenomenon. While thinning treatments occurred after crown closure, thus exposing previously shaded and covered areas, reductions in initial trees per hectare occurred prior to crown closure and would not have drastically changed soil conditions. More substantial understory cover prior to crown closure likely insulated the soil from significant temperature changes and increased N uptake following reductions in initial trees per hectare, decreasing nitrate leaching and helping to retain N on-site [82, 83] . At this early stage in stand and plant development, leaves and roots would have had a lower C:N ratio [84] , reducing the potential for N scavenging during the decomposition of organic matter left on-site. Additionally, roots would have been less dense and rooted less deeply in the soil, likely decreasing DOC flux and the potential for priming effects compared to thinning treatments implemented years later. Differences in soil microbial communities can also lead to differences in SOC and nutrient dynamics. Smith et al. [85] found that soil microbial communities differed between younger and older forests in a study examining forests aged 20 years and older. Although initial trees per hectare were reduced at the site in the current study when the stand was aged <15 years, differences in ground and soil conditions-and thus differences in microbial communities-would likely be greater between juvenile and adult stands than between younger and older adult stands. The lack of relationship between SOC stock and initial trees per hectare suggests that potentially lower SOC accumulation over time due to reduced root C inputs (from reduced root biomass) postthinning did not play a substantial role in decreasing the SOC stock of Ttrt compared to Ctrt.
Despite greater merchantable volume for FTtrt compared to Ctrt, any net monetary gains would have been minimal due to the additional expenses of fertilization and thinning treatments. Ttrt resulted in the least financial gain over the length of the rotation (i.e., it had the lowest merchantable volume in addition to incurring thinning expenses) and reduced soil quality and nutrient stocks for the succeeding rotation. On the other hand, reducing the initial trees per hectare prior to crown closure did not affect SOC and N stocks and the variation in total C stock was explained more by SOC stock (71%) than by initial trees per hectare (45%). Therefore, the typically low-cost practice of reducing initial trees per hectare could provide benefits such as increased stand stability, health, and DBH, while potentially avoiding negative effects such as reducing SOC and N stocks.
Conclusions
This long-term study shows that forest-management practices can affect both surface and deep SOC and N stocks on decadal timescales. Thinning treatments reduced SOC and N stocks by 25% and 27%, respectively, with most of this loss occurring below ~20 cm to a depth of ~150 cm. Changing the soil environment by affecting the ecosystem, C inputs, roots, and soil properties can increase SOC decomposition, N mineralization, and SOC and N export. In this study, a combination of these factors and their complex interactions likely resulted in the observed decreases in SOC and N stocks postthinning. Although thinning treatments had a negative effect on SOC and N stocks, reducing the initial trees per hectare prior to crown closure is a low-cost alternative practice that could provide the stand benefits associated with thinning a more mature stand without decreasing soil fertility and, potentially, the productivity of future stands. Additional field studies should examine the mechanisms behind SOC and N losses post-thinning (particularly in deeper soil layers) and the effects on stand and soil dynamics of reducing the initial trees per hectare at various intensities and stages prior to crown closure. As the majority of SOC and N stocks are contained in deeper soil layers, accurately assessing SOC and N budgets and comparing changes over time requires sampling soil deeper than 20 cm. 
